Nano particles made of pure single phase Mineral trioxide [tricalcium silicate (C 3 S)] and Tetracalcium phosphate (TTCP) bio ceramics were prepared via solid state reaction at high temperature. Setting times, compressive strength, pH, XRD, FTIR and scanning electron microscopy (SEM) were investigated. Cytotoxicity and antibacterial activity of both C 3 S and TTCP to human gingival fibroblasts were studied. Both C 3 S and TTCP compounds undergo hydration reaction when mixed with distilled water. A delayed setting time and very poor mechanical properties for TTCP were detected compared to those of C 3 S phase. The nano-structure C 3 S bio ceramic was found to be completely safe to BHK cells compared with TTCP. The prepared C 3 S and TTCP pastes were applied to the demineralized dentin specimens for seven days. The ultramorphology of dentin revealed that both C 3 S and TTCP are successful in dentinal tubules occlusion, thus they are beneficial for dental application in the treatment of teeth hypersensitivity.
INTRODUCTION
Exposure of dentin to the oral environment leads to a painful clinical condition known as Dentinal hypersensitivity (DH) 1 . Attrition, abrasion, erosion, abfraction or gingival recessions are the main reasons for dentin exposure 2 . The movement of the dentinal fluid stimulates the nerves and causes pain. So, the concept of tubule occlusion as technique of dentin desensitization is a valid relationship to the hydrodynamic theory 3 . In order to improve this, there have been known a method of coating with a polymeric material and a method of applying two materials alternately to make an inorganic salt deposit to form a physical barrier, thereby closing dentinal tubules. However, these methods have a problem that is a cover is worn by a toothbrush or the like to be broken easily because only a surface or a shallow portion near openings of dentinal tubules are covered. Moreover, although being a material with high biocompatibility, there is another problem with it that application of the material makes a plaque adhere, causing inflammation and root caries 4 . Several bio-ceramic materials have been frequently used in medical field for more than four decades to restore diseased or damaged hard tissue 5 .
Increasing interest has been dedicated to calcium phosphate materials due to the similarity of its chemical composition to that of bone mineral. Thus, calcium phosphate ceramics (CPC) which belong to the second generation of biomaterials were expected to have superior biological properties. These bioactive ceramics include mainly hydroxyapatite Ca 10 (PO 4 ) 6 (OH) 2 (HA), tetra-calcium phosphate (Ca 4 (PO 4 ) 2 O, tricalcium phosphate Ca 3 (PO 4 ) 2 (TCP) and biphasic calcium phosphates (BCP, a mixture of HA and TCP) [6] [7] [8] .
Tetracalcium phosphate (Ca 4 (PO 4 ) 2 O, TTCP) showed good properties for several dental applications including root canal filler/sealer 9,10 and base applications 11 . It was stated that the X-ray diffraction patterns of both TTCP and hydroxyapatite (HA) are identical and the two salts are structurally related, so, it is difficult to detect TTCP in the presence of HA 12, 13 . TTCP is the only calcium phosphate phase with a Ca/P ratio greater than stoichiometric hydroxyapatite (HA), and is formed above 1300 o C in CaO-P 2 O 5 system. At a temperature range 1000-1200 o C the compound is metastable, therefore the synthesis of the TTCP phase-pure requires either rapid quenching or the absence of moisture to prevent decomposition to HA 14, 15 .
More recently dental materials based on tricalcium silicate (C 3 S) have been developed and synthesized in the laboratory from highly pure raw materials unlike the portland cement in mineral trioxide aggregate (MTA) 16 -20 .C 3 S has been used with and without additives as bone cement 21, 22 and as a posterior restorative material 23 . It was stated that the pure C 3 S has good bioactivity 24 , the ability to be coated with HA 25, 26 and maintenance of the bonebiomaterial interface once implanted 27 . Also C 3 S has been proved to have adequate physical properties 21 , shorter setting time than MTA, and acceptable in vitro degradability (the ability for the implanted cement to be replaced by natural tissue) 27 . The reaction products are stoichiometric HA and calcium hydroxide (CH) 29 .
The above mentioned reactions have been suggested as a mean to fill root canals in teeth 30 . The high pH associated with the formation of calcium hydroxide is not considered problematic as it is essential to destroy any bacterial colonies that may be present.
Thus the aim of this study was to assess the ability of two experimental pastes, one based on C 3 S and the other based on TTCP to close the dentinal tubules. In addition to studying the physico-mechanical and chemical properties by measuring setting times, compressive strength, pH of immersion solution, X-ray diffraction analysis, infrared spectroscopy and scanning electron microscopy. The evaluation of cytotoxicity and antibacterial activity of both synthesized compounds to human gingival fibroblasts were also carried out.
MATERIALS AND METHODS

Materials preparation and characterization
C 3 S phase (27-30 nano-meter) was synthesized by firing molded cubes of 3:1 CaO: SiO 2 molar ratio, using ultra pure limestone and quartz (99.6% SiO 2 ), in the presence of 0.5% boric acid at 1000º C for 2-hours 31 . The product was ground, remolded using carbon tetrachloride and fired at 1450º C for 2-hours. The firing process was repeated until completion of the reaction. The end product was checked for the presence of free lime.
The most common method for the preparation of TTCP is limited to solid-state reaction at high temperature [32] [33] [34] [35] The resulting powder was milled in n-heptane for 8h, dried at 100 o C, and kept under vacuum to avoid hydration 36 .
The two synthesized powders were exmained by X-ray diffraction (XRD) to verify the identity of the synthesized compound using a copper target with radiation; wavelength=1.54-nm, X-ray was generated at 40-KV with a current of 2-5-Ma. The scanning speed was 1 o /minute. The final materials were finely ground in agate mill until the desired particle size given in (Fig. 1,2 ) that was evaluated by Transmission Electron Microscope (TEM) (JEM-1230) at 100Kv.
Physical characteristics of experimental C 3 S and TTCP Setting time
Five Scoops of the powder were mixed with five drops of distilled water to fill a mold of dimensions; 10 mm + 0.1 mm height. Mixing was done on a clean glass slab with a clean spatula, for thirty seconds. Each mold was placed on a glass plate 1-mm thick X 25 mm wide X 75 mm long and filled with the tested C 3 S and TTCP pastes to a level surface. After 120 + 5 seconds from the beginning of mixing, the assembly was placed in a cabinet maintained at 37+ 1 o C temperature and 95% relative humidity. The Gilmore needle (having a flat end diameter of 2 mm + 01mm) was carefully lowered on to the horizontal surface of the material. Indentations were repeated at 30-second intervals until the indenter fails to make a complete circular indentation in the cement. The indenter was wiped clean between indentations.
Compressive strength
The prepared pastes of C 3 S and TTCP were poured into in plastic moulds of 1/2 inch cylinder. The paste was placed in the mould into two approximately equal layers. Each layer was compacted and pressed along the surface of the mould until homogenous specimen was obtained. After the top layer was compacted, the moulds were then vibrated manually for two minutes to remove any air bubbles and to have a better compaction of the paste. The surface of the paste was smoothened with the aid of thin edged trowel. Immediately after moulding, the samples were cured in a humidity chamber at 100% relative humidity at a constant temperature of 35 o C for 24 hours. At the end of the moist curing period the samples were demoulded and then cured 
PH of immersion solution
To test in vitro pH variation of the two types cement pastes (TTCP & C 3 S) in distilled water. 1/2 inch cylinder of each type of cements was directly poured into a 25 ml beaker and then 15 ml of distilled water was injected into the container to cover the paste [38] . The test samples were stored in a 35 o C, 100% humidity water bath. After 3, 7 and 28 days of immersion, all solutions were filtrated and its pH value was measured using an electrolyte-type pH meter.
X-ray diffraction of the two prepared cement pastes
S e l e c t e d hy d r a t e d s a m p l e s w e r e investigated by X-ray diffraction (XRD) to verify the identity of the hydrated compounds using a copper target with radiation; wavelength= 0.154 nm, X-ray was generated at 40 kV with a current of 2-5-mA.
ATR/FTIR Spectroscopy
The hydrated specimens of the two synthesized materials were investigated using IR spectra. IR spectra were recorded on JASCO 4600 model FTIR spectrometer.
Scanning electron microscopy (SEM)
The morphology of the hydrated dry samples of the two specimens were investigated using scanning electron microscopy (SEM), with the aid of (Jeol JSM-T 20 ) with coating of a thin layer of gold using sputter coater S 150 A.
Cytotoxicity and antibacterial Activity
Experimental C 3 S and TTCP were formulated as blocks. Then were sterilized by ethylene oxide gas, (Arab medical equipment company (AMECO). Sterilized disks were soaked in Hanks Balance salt solution (HBSS) for 7 days as 10mg/ml. Extract was dispensed to pre cultured fibroblast cell line Baby hamster kidney (BHK) seeded as 2x10 5 /ml. C 3 S and TTCP extracts were 2 fold serially diluted post decanting the growth medium from pre-cultured plates. Treated cells were examined microscopically using inverted microscope (Hund-Germany) for detection of cellular changes and pathological changes. C 3 S and TTCP extracts treatment medium was decanted 24 hrs post treatment. Residual live cells were counted using MTT stain for detection of cytotoxicity. Residual live cell count was determined based on the following equation 39, 40 :- 41 . The experimental C 3 S and TTCP pastes were loaded to sterile disks of 5 mm diameter and 1 mm thickness. Disks were dried in sterile Petri dishes at 37 0 C. St. Faceles strain was spread on solid TSB. Plates were maintained at +4 0 C for an hour for pre-diffusion of the extracts and then incubated at 37 0 C for 24 hrs under aerobic conditions. The inhibition zones around each one of the wells were then measured in millimeters using a digital paquimeter.
Direct Contact Method
The pure cultures were grown on 5% sheep blood plus brain heart infusion (BHI) agar plates (Oxoid, Basingstoke, UK). After 24 hrs, the colonies were suspended in tubes containing 5 mL of Tryptic soya broth; TSB, [Oxoid-USA]. The cell suspension in each tube was adjusted spectrophotometrically at 800 nm (O.D. 800 ) to match the transmittance of (equivalent to 0.5 McFarland scale =1.5 x 10 8 CFU).
The following systems were tested: antimicrobial activity was checked hourly, using the spectrophotometer, up to the 18 th hrs for TSB + bacterial inoculum + in micro titer plate serially diluted test sealers. wells containing only microorganisms were used as positive controls. Bacterial system (St. Fecales) was used as (50 µL). Plates were incubated for 18-24 hrs under adequate gaseous conditions, in order to check microbial growth. Optical density represent bacterial growth inhibition was read using ELISA plate reader [42] [43] [44] [45] [46] .
Dental application of the experimental C 3 S and TTCP Preparation of dentin specimens
Dentin specimens were prepared from extracted caries-free human third molars and stored in 0.1M phosphate buffered saline (PBS) solution at 4°C for no longer than two months prior to use. Means with the same letter within each row are not significantly different at p=0.05. *= Significant, NS=Non-Significant Occlusal enamel was removed using diamond saw under copious water coolant to expose the dentin. Then dentin surface was ground with water-lubricated abrasive silicon carbide paper to obtain standardized remaining dentin thickness of 2mm. Finally the dentin specimens were polished with pumice and water. Then the dentin specimens were etched with 37% phosphoric acid (pH 0.6) for 15 seconds and rinsed to open the dentinal tubules, simulating hypersensitive dentin.
Preparation of C 3 S and TTCP pastes for treatment of dentin specimens The prepared C 3 S and TTCP powder were mixed with distilled water. The mixtures were stirred for 1 minute to form homogeneous pastes. Then each paste was applied to the demineralized dentin specimens with a cotton swab and left in place for 3 minutes. The experimental pastes were applied everyday for seven days with application time three minutes each 47 . After each application process, the specimens were washed with distilled water, then . Artificial saliva was refreshed every 24 hours. After 7 days, the specimens were removed from the artificial saliva and washed thoroughly with distilled water 49 .
Scanning electron microscope evaluation of dentin specimens
The morphology of dentin specimens were observed using SEM [Model Quanta 250 FEG (Field Emission Gun)] at different magnifications 6000X and 1200X. All dentin discs were air-dried at room temperature and gold coated before analysis. Images of the dentin surface were taken following treatment with phosphoric acid, then after the application of each experimental paste following 7 days incubation in artificial saliva [50] [51] [52] [53] .
Statistical analysis
Data were presented as mean, standard deviation (SD) and standard error (SE) values. Data were explored for normality using D'AgostinoPearson test for normal distribution. Setting Time, pH and compressive strength (MPa) showed a normal distribution. One way-ANOVA have been used to study the effect of different periods. Tukey's post-hoc test was used for pair-wise comparison between the means when ANOVA test is significant. Independent t-test used to compare between different tested materials. Significant level set at ≤ 0.05. Statistical analysis was performed with IBM® SPSS® (SPSS Inc., IBM Corporation, NY, USA) Statistics Version 23 for windows. Table 1 . and Fig. 3 shows the mean and standard deviation (SD) of setting time for C 3 S and TTCP pastes. The data reveals that the setting time of C 3 S is statistically significant lower than TTCP when mixed with distilled water. This has a great importance in case of using these materials in dental biomedical applications as the relatively fast curing and good mechanical properties in case of the silicate cement comparing to that of calcium phosphate which will minimize the possibility of fluid leakage.
RESULTS
Setting time
Compressive strength
The mechanical properties were studied by determining strength values of the hydrated pastes at different curing ages. The results showed that the calcium phosphate (TTCP) didn't show any mechanical properties after immersing under distilled water and a full distortion of all immersed cubes has been observed. The strength values of the calcium silicate (C 3 S) cement given in Table 2 . and Fig. 4 . Results revealed a statistically significant increase in the compressive strength values (MPa) with the curing age from 1 and up to 28 days.
pH of immersion medium
Mean and standard deviation (SD) of the pH for different tested materials presented in Table 
X-ray diffraction of C 3 S and TTCP pastes
Investigation of XRD data given in Figs.6 & 7, indicates that by increasing curing periods, there is a diminishing trend in intensities of all characteristics peaks of the anhydrous C 3 S and TTCP phases. The XRD data of C 3 S (Fig.6 ) reveals an overlapping of those peak characteristic of fibrous gel like CSH over those of the unhydrous phase. The main XRD peak height of Ca(OH) 2 at 2q=18 decreases from 1 to 28 days curing period. The XRD graphs given in Fig. 7 showed a slight increase in peak intensities for both hydroxapatite and Ca(OH) 2 with curing age from 1 up to 28 days.
Infraredspectroscopy
The FTIR spectra of samples of the two synthesized materials cured for 1, 3, 7 and 28 days are given in Figs. 8&9. The IR spectra of calcium silicate (Fig 8) indicates a decreasing trend in almost all band intensities of the remaining anhydrous phase and 2500&3700 cm -1 , respectively, corresponding to the main hydration product C-S-H compound of C 3 S phase.The IR bands characteristic for Aragonite (n 2 ,u 3 CO 3 2 antisymmetric stretching) at 850, 1490 and 1460 cm -1 is formed due to the possible carbonation of the hydrated compounds by the action of CO 2 present the atmosphere. Fig. (9) which represents the IR charts of tetra-calcium phosphate material (TTCP) reveals a slow rate of hydration reaction of phosphate cement that is emphasized by the minute diminishing trend of IR bands for the phosphate located at 1030 cm -1 (Antisymmetric stretching) and 600-560 cm -1 (amorphous calcium phosphate) and also the OH stretching-very broad band at 490-3650-2500 to 3700 cm -1 together with those of the incorporated molecular water in all hydrated compounds (at 1635 and 3365 cm -1 ).
Scanning electron microscopy (SEM)
Investigation of the micrographs given in Fig.10 of C 3 S sample (a) and TTCP sample (b) cured for 28 days in distilled water indicates that the morphological features of the two samples are completely different. Fig. 10 (a) which represents the C 3 S showed a dense and closed structure of fibrous calcium silicate hydrate crystals deposited around and on the surface of the anhydrous particles of C 3 S phase and filling the pores between such particles. Plates of Ca(OH) 2 could not be detected clearly due to the deposition of such huge amount of the CSH fibrous. The micrograph of the TTCP sample (b) shows a much more porous structure than that in Fig.10 (a) . Platelets of hydroxyapatite (HA) were clearly detected in Fig.10 (b) , they were found to be embedded in the unhydrous particles.
Cytotoxicity and Antibacterial Activity
Evaluation of cytotoxicity of test materials namely TTCP and C 3 S to baby hamster kidney fibroblast cell line (BHK). The data revealed that C 3 S was completely safe to BHK cells, in the mean time a mild toxicity was noticed in case of testing TTCP recording 100 and 82 % respectively (Fig.11) . Regarding the antibacterial activity against St fecalis there was no antibacterial activity detected compare to positive control using both direct and indirect methods (Fig.12) . It has to be emphasized that the two test materials was soaked for only 24 hrs only which is considered very early curing period to liberate enough amount of Ca(OH) 2 in the reaction medium that is may be the main reason for the negative antibacterial effect. Consequently, it is not a matter of interest to make bacterial count as the two synthesized materials have no antibacterial activity.
Results of SEM observation of the dentin specimens
Dentin specimens were examined under SEM before and after C 3 S and TTCP treatment. The smear layer is obviously removed, giving patent dentinal tubules after treatment with phosphoric acid (Fig. 13a 6000x& 13b 12000x ).
For the dentin specimens treated with the C 3 S pastes, C 3 S appeared to spread homogenously over inter-tubular dentin, closing most of dentinal tubules, while leaving others partially open (Fig. 14a  6000x & 14b 12000x ).
For the dentin specimens treated with the tetra-calcium phosphate pastes, the pastes formed a coarse layer of deposits showing a cobblestone appearance (Fig. 15a 6000x & 15b 12000x) . The dentinal tubules were occluded completely and not observable. An artificial smear layer like covering on inter-tubular dentin was observed. Agglomerates and clusters of debris showed hexagonal-rhombohedraloctahedral shape covered the entire dentin surface creating acovering of the dentin surface.
DISCUSSION
Tricalcium silicate (C 3 S) and tetracalcium phosphate (TTCP) are similar in that they can both undergo hydration reaction resulting in desirable physical properties. Investigation of the setting property of both synthesized materials (Fig.3) indicates a relatively faster rate at which C 3 S sets than TTCP. The aforementioned chemical reactions (eq. 1&2) can explain the setting process of the two materials in that the precipitation of hydration products, namely, calcium silicate hydrate (C-S-H), hydroxyapatite (HA) and calcium hydroxide Ca(OH) 2 immediately after mixing with distilled water is responsible for the completion of setting process. It was stated that C 3 S phase is the main component of MTA materials and responsible for the development of material setting and strength 16, 17 . The hydration of C 3 S phase starts immediately after mixing with distilled water and its paste will solidify to a hardened structure. At ambient temperature and curing age of 28 days, about 90% of the anhydrous C 3 S phase will be hydrated. However, in this study, the curing and hardening of nano-size (4-7nm) C 3 S phase were carried out in an incubator of 37 o C will in turn cause an enhancement of workability, wetting volume and hydration rate 28 . Addition of bismuth oxide to both synthesized materials provides adequate radio opacity and did not have any adverse effect on the hydration process. As it was mentioned before, C 3 S phase is considered the main constituent in MTA material that is responsible for development of mechanical strength through formation of calcium silicate hydrate (C-S-H). The strength data given in fig.4 showed a continuous increase in the strength values with the curing ages from 1 and up to 28 days at 37 o C. The slow hydration reaction rate at early ages of TTCP pastes results in a lower pH values (pH<8) of the curing medium compared with those of C 3 S hydrated samples as shown in Fig.  5 . The dissolution and hydrolysis of TTCP starts immediately after mixing the material with distilled water resulting in the formation of HA layer on the surface of the anhydrous particles that prevents further hydration. At 28 days curing age the less soluble HA compound will partly dissolute in the reaction medium and water molecules will reach the anhydrous TTCP particles, so, additional Ca(OH) 2 will be liberated in the medium 29 . The XRD patterns of TTCP materials Fig. 7 indicate the very slow hydrolysis of TTCP materials that is emphasized by the very little change in the XRD intensities of almost all peaks for samples cured for 1 and 28 days. On the other hand, a faster hydration reaction rate of C 3 S phase at early hydration periods (3 and 7 days) was detected which results in a liberation of excess amounts of Ca(OH) 2 . This will raise the pH of the hydration medium to more alkaline (pH<8). At later ages of hydration (28 days), huge amounts of C-S-H gel is formed as a hydrated compound of tri-calcium silicate material that will encapsulate the anhydrous C 3 S particles by filling the micro-pores of the hardened structure. This will prevent the penetration of water molecules needed for progressing of the hydration process 16, 17 . The XRD data of C 3 S samples hydrated for 1 and 28 days given on Fig. 6 may emphasize the above mentioned pH findings that is clear in lager decrease in the intensities of the anhydrous material including the free lime characteristic peak at 2è=18° which is mainly due to the expected decrease of paste porosity. Investigation of IR spectra of the two synthesized materials (Figs. 8 & 9 ) was found to be much more complicated but it can show another evidence about the difference of hydration reaction rates of both cements that is clear in a relatively considerable degree of diminishing of IR bands of the C 3 S anhydrous particles with the hydration reaction period together with the appearance of IR bands of the resulting hydrated compounds compared with that of TTCP cement.
Regarding the dental application of both (C 3 S) and (TTCP) as a desensitizing agents.SEM evaluations demonstrated that C 3 S coating paste was able to close most of dentinal tubules. Hydration of the C 3 S leads to the formation of calcium hydroxide, allowing the formation of apatite crystallites in the presence of phosphate-containing biological fluids (artificial saliva), that leads to closure of the dentinal tubules [50] [51] [52] . Similarly Suge et al, 2008 demonstrated the formation of calcium silicate-calcium phosphate precipitates after the application of ammonium hexafluorosilicate, with stable occlusion of dentinal tubules with reduced permeability 52 .
A previous study by Giovanna et al., 2008 support our findings. They demonstrated that a smooth uniform and void-free silicate coating obliterating all the dentinal tubule orifices after 10 minutes of immersion into phosphate-containing salt solution (artificial saliva). Moreover they observed precipitate deposits inside dentinal tubules to a depth of 2-10 mm, in longitudinal sections in fractured samples using SEM evaluation 50 .
One the other hand the TTCP paste, SEM results revealed a satisfactory occlusion of all dentinal tubules (Fig. 3a&b) . Many deposits were able to occlude all dentinal tubules that were completely covered and not visible. A fine crystalline layer created an artificial smear layer like coating on inter-tubular dentin was also observed. This was due to that when TTCP particles are mixed in the presence of water, it is converted into HA slowly.
The reason for this is not clear, but the following mechanism is presumed. when a dentin mineralizing agent comprising tetracalcium phosphate particles is used, an alkali metal salt of phosphoric acid in certain amounts is prepared in the presence of water. It seems t hat calcium ions produced due to dissolution of the TTCP particles react with phosphorus ions produced due to dissolution of the alkali metal salt of phosphoric acid, so that energetically stable HA is deposited. It seems that as a result a dense HA layer is formed on a surface of a dentin and HA is deposited to deep portions of dentinal tubules, so that the dentinal tubules are closed [53] [54] [55] [56] [57] .
CONCLUSIONS
Nano-structural experimental tricalcium silicate (ultra pure single phase MTA) and tetracalcium phosphate (TTCP) bioceramics are promising materials for dental application in the treatment of teeth hypersensitivity. Tetra calcium phosphate bio ceramic (TTCP) hydrates with distilled water in a slower rate than tricalcium calcium silicate (C 3 S). Pastes of TTCP showed no mechanical strength, while an excellent mechanical properties of C 3 S pastes has been detected. Hydration of TTCP and C 3 S bio ceramics liberates free lime (Ca(OH) 2 in the hydration medium causing increase in pH values for the two materials up to pH= 8.5. Cytotoxicity test indicated that C 3 S phase was completely safe to BHK cells, while, TTCP showed mild toxicity. Both experimental C 3 S and TTCP had no antibacterial activity against St fecalis after the first 24 hrs hydration period using both direct and indirect methods.
